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It has been shown that the adiabatic electronic structure of the superconducting phase of sulfur hydride
at 200 GPa is unstable toward the vibration motion of H-atoms. A theoretical study indicates that in cou-
pling to H-vibrations, the system undergoes a transition from adiabatic into a stabilized anti-adiabatic
multi-gap superconducting state at a temperature that can reach 203 K.
 2015 The Author. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Guided by the idea of Ashcroft [1] on the metallization of
hydrogen, and the electron–phonon (EP) interaction background
of the BCS theory of superconductivity, Drozdov et al. metalized
hydrogen sulfide and at 200 GPa detected superconductivity [2]
with the highest critical temperature recorded so far, Tc  203 K.
Within the Allen-Dynes’ strong-coupling treatment, the supercon-
ductivity of H2S with such a high Tc was calculated by Duan et al.
[3] for a stable phase at 200 GPa, which has been theoretically
predicted as a bcc crystal structure of Im3-m symmetry with
(H3S)2 composition of the unit cell. This structure was recently
confirmed experimentally by synchrotron XRD [4]. Several theo-
retical studies on the superconductivity of this phase have been
published [5–9] recently. It should be noted that the supercon-
ductivity aspects are studied within the adiabatic BCS, or Eliash-
berg modified theories with EP interactions representing the
crucial mechanism of superconducting state transition. No matter
if certain authors emphasize the role of the anharmonicity of H-
vibrations, the Lifshitz transition and zero-point lattice fluctua-
tion along with the peculiar electronic structure and the character
of the total density of states (DOS) calculated for equilibrium
structure in frozen nuclear configuration, nonadiabatic effects
are expected to be crucial in understanding the mechanism ofsuperconductivity in this system. The reason is the fact that elec-
tronic and phonon spectra are on comparable energy scales. In
particular, for equilibrium geometry at 200 GPa, the adiabatic
ratio of this system is x/EF < 1 (but not 1); application of cur-
rent adiabatic theories of superconductivity is in these circum-
stances rather problematic.
The present study shows that the physics of this system is even
more complicated when the electronic structure is investigated in
distorted geometries with H-atom displacements in S–H stretching
and/or bending vibrations. In this case, the vibration motion
induces instability of the adiabatic electronic structure. It can be
identified as splitting of degeneracy of bands above the Fermi level
(FL) connected with fluctuation of one of the bands near the FL inC
point. At some vibration displacement, the top of one of the bands
crosses the Fermi level in vibration motion; when the band-top
approaches FL it represents a decrease of Fermi energy (EF), result-
ing in switching into the anti-adiabatic regime with x/EF > 1. In
this case, not only does the Eliashberg approximation not hold,
but the Born–Oppenheimer approximation (BOA) is broken. The
theory of electron-vibration interaction beyond the BOA was elab-
orated in [10] and has been shown [11–17] for different types of
low and high-Tc superconductors (e.g. A15 structures, cuprates
and MgB2) that the transition into a superconducting state is
directly related to the EP coupling-induced transition from a
metal-like adiabatic state into a stabilized and geometrically
degenerated anti-adiabatic ground state connected with gap(s)
opening in a single-particle spectrum.
Fig. 1. (a) Crystallographic cell of cubic H3S at 200 GPa with two formula unit/u.c. Electronic band structure in (b) equilibrium geometry and (c) in geometry with H-vibration
distortions d = 0.02/H – see text.
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In modeling H-vibrations, it is effective to study (H3S)2 in cP lat-
tice – Fig. 1a, with the following atom coordinates and displace-
ments d in unit cell: S1(0,0,0); S2(1/2,1/2,1/2); H1(1/2,0 + d,0);
H2(0,1/2  d,0); H3(0,0,1/2); H4(1/2  d,0,1/2); H5(0 + d,1/2,1/2);
H6(1/2, 1/2,0). For the equilibrium structure (d = 0) with lattice
parameter a = 2.984 Å and frozen nuclear configuration, the elec-
tronic band-dispersions along direction C [0,0,0]  X[0,1/2,0] are
shown in Fig. 1b. Three bands are degenerated above FL in C point
and the Fermi energy is EF  0.9 eV. Calculations of phonon disper-
sions [3,5,7] yield two distinct sets of phonon branches with
H-dominated vibrations; xH  200 meV and 150 meV in C point.
This means that in equilibrium geometry with frozen nuclear posi-
tions, the adiabatic ratio is xH/EF  2/9, which is basically on the
edge of validity of the adiabatic approximation. For H-atom dis-
placements d = 0.02/H, degeneracy of bands is lifted and the top
of fluctuating band is shifted below FL, as shown in Fig. 1c. In vibra-
tion motion, for d = 0.017/H (i.e. 0.035 Å/H), the top of this band is
still above FL but the energy distance to FL (i.e. EF) is only 0.123 eV.
This indicates the formation of an anti-adiabatic regime with xH/
EF  1.6, or 1.2 depending on particular xH. According to nonadia-
batic theory of electron-vibration interactions [10–12], whether
the system can be stabilized in an anti-adiabatic state at distorted
geometry depends on the correction DE0ðnaÞ to the ground state
energy,
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For band structure calculation we have used the Cyclic
Cluster HF-SCF method [18], and for d = 0.017/H strong
electron-vibration coupling (mean value of matrix element)
urkk0  3.9 eV has been calculated. Partial DOS of the fluctuating
band approaching the FL is relatively small, ne0
k0
(FL)  0.123 and
P-DOS of bands intersecting FL are even smaller, 0.05. Neverthe-
less, due to strong el-vibration coupling, DE0ðnaÞ is 1 eV/u.c. Since
an increase in total energy due to displacement d = 0.017 on the
adiabatic level is d Ed +0.1 eV/u.c., the final effect is stabilization
of the anti-adiabatic state in a distorted geometry with a
fluxionally degenerated ground state structure on the lattice scale.The effect on single particle spectrum is also very strong:
gaps in the original metal-like bands at FL are opened. Quasi-
degenerate states above FL are shifted upward:
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for k0 > kF ; and occupied states below FL are shifted in the opposite
direction: downward from FL. The gap opened in this way obeys the
following T-dependence: DðTÞ ¼ Dð0ÞtghðDðTÞ=4kBTÞ, and for critical
temperature holds, Tc ¼ Dð0Þ=4kB. The calculated parameters
for xH  150 meV are Dð0Þ  62.2 meV and Tc  170 K. For xH 
200 meV, the value of opened gap isDð0Þ  74.8 meV and Tc  203 K.
It should be stressed that in the C–X direction, 2 gaps are opened at
k-points where the particular bands intersect FL on the adiabatic
level: Fig. 1c.
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